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PreviewsLin et al. (2012) will be a valuable resource
to more thoroughly investigate both the
physiological requirements andmolecular
mechanisms of STAT5 tetramer func-
tion. It will be particularly interesting
to examine B cell differentiation, particu-
larly light chain gene rearrangement, in
the tetramer-deficient mutant animals, to
better understand whether the Ezh2-
dependent repressive function of STAT5
tetramers is a special case operating only
on a few genes under restricted cell type-
specific conditions. If so, understanding
the molecular elements governing such
specific repression will undoubtedly un-
cover further unexpected nuances of
STAT function. Similarly, the regulation
of IL-17 by the divergent action of
STAT3 and STAT5 begs for a molecular
explanation. Examining Th17 cell differen-
tiation in STAT5 tetramer-deficient mice
will undoubtedly be revealing, as will
assessment of the development of prolif-erative disorders. If tetramer-deficient
mice display resistance to leukemia as
predicted by earlier studies, targeting
disruption of amino-terminal interaction
domains could be a novel therapeutic
approach.
STAT proteins continue to surprise us,
even after 20 years of investigation. Even
nontranscriptional and extranuclear func-
tions of STAT3 and STAT5 have been
documented (Lee et al., 2012), which
must also be taken into account when
assessing STAT protein action. We can
only imagine what the next 20 years of
research will reveal.REFERENCES
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ThemammalianMyD88 signalingmolecule participates in Toll receptor signaling within the cytoplasm. In this
issue of Immunity, Marek and Kagan (2012) report that Drosophila (d)MyD88 acts instead at the plasma
membrane to sort the signaling adaptor Tube.The importance of Toll receptors in
immunity was first recognized some
15 years ago in the fruit fly Drosophila
melanogaster, where Toll plays a crucial
role in the resistance to fungal and
Gram-positive bacterial infections. These
findings were then rapidly extended to
mammals (Hoffmann, 2003). These trans-
membrane receptors relay information
regarding the presence of infectious
microorganisms to the cytosol through
signaling transducers, which share with
Toll-like receptors (TLRs) and the cytokine
receptors of the interleukin-1 family a150 amino acid domain known as the TIR
(Toll-IL-1R) domain. This domain func-
tions as a homotypic protein-protein inter-
action domain. Interestingly, studies in
mammals have revealed that the four TIR
signaling transducers in mammals belong
to two functional categories: MyD88 (the
prototypic member of the family) and
TRIF behave as signaling adaptors, inter-
acting with downstream signaling kinases
and TRAF ubiquitin E3 ligases, and the
two others, known as TIRAP and TRAM,
function as sorting adaptors and recruit
MyD88 and TRIF, respectively, to theplasma membrane and the endosome
(Barton and Kagan, 2009). The sole TIR
domain cytosolic adaptor in Drosophila,
dMyD88, was believed to function as
a signaling adaptor. However, Marek and
Kagan (2012) now report that this mole-
cule contains a phosphoinositide (PI)
binding domain and functions as a sorting
adaptor. These results open new per-
spectives in the field of Toll signaling and
reveal that the sorting of transducing
adaptors toparticularmembranedomains
may represent an evolutionarily ancient
property inherent to Toll signaling.36, April 20, 2012 ª2012 Elsevier Inc. 555
Figure 1. Targeting of dMyD88 to the PlasmaMembrane through Its C-Terminal Extension Is
Important for Toll Signaling in Drosophila
In mammals (left), TIRAP recruits MyD88 to the plasma membrane to mediate TLR4 signaling, whereas in
flies (right) the C-terminal extension of dMyD88 enables it to directly interact with PI(4,5)P2, which is
predominantly found in the plasma membrane.
Immunity
PreviewsThe cell biological principles governing
Toll signaling in Drosophila remain incom-
pletely understood. Marek and Kagan
(2012) set out to document the intracel-
lular localization of dMyD88 and found
that it localizes to the plasma membrane
when expressed both in Drosophila and
in mammalian cells. When analyzed in
parallel experiments, mammalian MyD88
is found to reside in the cytosol. One
difference between the Drosophila and
mammalian molecules, which both con-
tain an amino-terminal death domain
(DD) followed by a TIR domain, is that
dMyD88 contains a 100 amino acid
C-terminal extension (CTE), which is
important for its function although its
exact role had been unknown (Kambris
et al., 2003). It turns out that this domain,
characterized by a high density of polar
residues and an elevated isoelectric
point, is both necessary and sufficient to
localize dMyD88 to the plasma mem-
brane. Phospholipid binding experiments
reveal that the CTE domain binds to
PIs, in particular PI(4,5)P2. Furthermore,
replacement of the CTE domain of
dMyD88 by the pleckstrin homology (PH)
domain of phospholipase Cd1 (PLCd1),
which specifically binds to this PI(4,5)P2,
rescues the plasma membrane localiza-
tion of the molecule. In an elegant set of
experiments, the authors go on to demon-
strate that the targeting of dMyD88 to the
plasma membrane is functionally impor-
tant. In vivo experiments showed that
expression of a truncated version of
dMyD88, comprising only the DD and556 Immunity 36, April 20, 2012 ª2012 Elsevthe TIR (and thus similar to mammalian
MyD88), was not able to fully rescue the
phenotypes of dMyD88 mutant flies. By
contrast, grafting the PLCd1 PH domain
to the DD and TIR domains rescued both
the immune and the developmental
function of dMyD88, confirming that
anchoring to the plasma membrane is
important for the function of dMyD88 in
Toll signaling. Marek and Kagan (2012)
further show that once positioned at the
plasma membrane, dMyD88 recruits the
DD signaling adaptor Tube to the site of
signaling. Therefore, the function of
dMyD88 in Toll signaling in Drosophila
appears to differ from that of MyD88 in
TLR signaling in mammals but is reminis-
cent of the role played by TIRAP in TLR2
and TLR4 signaling (Figure 1). Indeed,
TIRAP possesses a PI(4,5)P2 binding
domain, which enables it to associate
with the plasma membrane, where it can
recruit MyD88 (Barton and Kagan, 2009).
Overall, these results reveal that sorting
adaptors play a critical role in Toll sig-
naling in both flies and mammals. There-
fore, it is tempting to conclude that the
involvement of sorting adaptors localizing
signaling adaptors to specific membrane
domains is an ancestral function of Toll
receptors. But is it really that simple?
In fact, the functional similarity between
dMyD88 in flies and TIRAP in mammals
may reflect convergent evolution rather
than an evolutionarily conserved function.
Indeed, sequence analysis clearly indi-
cates that dMyD88 is orthologous to
MyD88, rather than to TIRAP. The twoier Inc.MyD88 molecules share a common
domain organization (amino-terminal DD
domain mediating interaction with DD-
containing kinases, followed by a TIR
domain mediating interaction with up-
stream TIR-domain containing compo-
nents of the pathway) (Towb et al.,
2009). The difference lies in the presence
of the CTE domain in dMyD88. Does this
CTE represent an ancestral feature of
MyD88 molecules, which was lost in
mammals? The authors report that the
presence of this CTE is not limited to
drosophilids but is also present in other
insects, including mosquitoes and honey
bees. Furthermore, they found that the
MyD88 molecule from the important
mosquito vector species Anopheles
gambiae (AgMyD88) localizes at the
plasma membrane in transfected cells.
Thus, it appears that plasma membrane
localization of MyD88 for Toll signaling is
a property shared among insects. Even
so, does this result imply that the CTE is
an ancestral feature of MyD88? The scru-
tiny of the genomes from invertebrate
species other than insects reveals that
apparently not. MyD88 orthologs can
readily be identified in most invertebrates
(one exception is the nematode
C. elegans, which lost many pathways
during evolution), from the sponge Am-
phimedon to the prechordates (Ciona
and Amphioxus), confirming that MyD88
is a cornerstone for signaling downstream
of Toll receptors. Interestingly, however,
the CTE is absent from MyD88 in most
of the invertebrates. Therefore, this
domain appears to be an insect-specific
feature. Conversely, the presence of
TIRAP appears to be restricted to the
vertebrate lineage. We are left with the
conclusion that insect and vertebrates
independently invented a way to target
MyD88 to specific lipids of the plasma
membrane. Although we cannot exclude
that still other targeting mechanisms
emerged in other phyla, this may not be
the case because in mammals several
TLRs do not require TIRAP to signal
through MyD88. So we are left with the
question of why sorting MyD88 to the
plasma membrane evolved twice, in
insects and in vertebrates.
In the case of vertebrates, the answer
probably lies in the expansion of the
repertoire of TLRs, recognizing a broader
set of ligands and triggering overlap-
ping yet distinct sets of genes. Gene
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Previewsduplication events producing additional
adaptors sharing with the receptor a TIR
domain enabled the compartmentaliza-
tion of MyD88 (and also TRIF) and intro-
duced flexibility in the signaling (Barton
and Kagan, 2009). If the introduction of
compartmentalization as an adjustment
variable in organisms containing ten or
so TLRs (not to mention the members
of the IL-1R family, which also signal
through MyD88) and four adaptors
explains the need for sorting adaptors in
mammals, what may be the driving force
for anchoring dMyD88 to the plasma
membrane in insects? One intriguing
hypothesis is that the explanation lies
in the involvement of the Toll pathway in
functions other than innate immunity in
insects, namely the differentiation of the
dorsoventral axis in embryos (Nunes da
Fonseca et al., 2008). Indeed, Marek and
Kagan (2012) observe that a truncated
version of dMyD88 deleted of its CTE is
not completely inactive and can rescue
to some extent the immunity phenotype
of dMyD88 mutant flies. However, it
does not rescue at all the embryonic
phenotype (Marek and Kagan, 2012).
This indicates that whereas the CTE
increases the efficiency and reliability of
Toll signaling functions in immunity in
adult flies, it plays above all a crucial role
during development. Thus, the advent ofthis domain in insects may relate to the
appearance of a new function for Toll
receptors, in the establishment of the
embryonic dorsoventral axis. Interest-
ingly, another adaptor, the zinc finger
protein Weckle, participates in the
assembly of the dMyD88-Tube-Pelle
signaling complex in embryos. The fact
that this adaptor appears to be largely
dispensable in adult flies further points
to specific requirements for Toll signaling
in the early Drosophila embryo (Chen
et al., 2006). The sorting of dMyD88 at
the plasma membrane, in proximity to
the receptor, may allow Toll to efficiently
respond to developmental cues sensed
on the ventral side of the embryo in the
particular context of the syncytial
embryos, which contain high concentra-
tions of lipid vesicles and vitellogenin.
In summary, the report of Marek and
Kagan (2012) highlights the importance
of PI recognition for signal transduction.
The CTE from dMyD88 represents a
tool to understand how proteins read
the so-called PI code, and it will be inter-
esting to characterize its structure (Kuta-
teladze, 2010). The fact that TIRAP in
mammals and dMyD88 in flies indepen-
dently acquired the capacity to target
PI(4,5)P2 suggests that there may be
more to this phosphoinositide than just
providing a landing site for these adap-Immunitytors. Time and further experiments will
tell whether PI(4,5)P2 also plays a more
active role in the function of dMyD88, for
example in the promotion of endocytosis,
which participates in Toll signaling in
Drosophila (Huang et al., 2010; Lund
et al., 2010).
REFERENCES
Barton, G.M., and Kagan, J.C. (2009). Nat. Rev.
Immunol. 9, 535–542.
Chen, L.Y., Wang, J.C., Hyvert, Y., Lin, H.P.,
Perrimon, N., Imler, J.L., and Hsu, J.C. (2006).
Curr. Biol. 16, 1183–1193.
Hoffmann, J.A. (2003). Nature 426, 33–38.
Huang, H.R., Chen, Z.J., Kunes, S., Chang, G.D.,
and Maniatis, T. (2010). Proc. Natl. Acad. Sci.
USA 107, 8322–8327.
Kambris, Z., Bilak, H., D’Alessandro, R., Belvin, M.,
Imler, J.L., and Capovilla, M. (2003). EMBO Rep. 4,
64–69.
Kutateladze, T.G. (2010). Nat. Chem. Biol. 6,
507–513.
Lund, V.K., DeLotto, Y., and DeLotto, R. (2010).
Proc. Natl. Acad. Sci. USA 107, 18028–18033.
Marek, L.R., and Kagan, J.C. (2012). Immunity 36,
this issue, 612–622.
Nunes da Fonseca, R., von Levetzow, C., Kalsche-
uer, P., Basal, A., van der Zee, M., and Roth, S.
(2008). Dev. Cell 14, 605–615.
Towb, P., Sun, H., and Wasserman, S.A. (2009).
J. Innate Immun. 1, 309–321.Actin’ as a Death SignalTeunis B.H. Geijtenbeek1,*
1Department of Experimental Immunology, Academic Medical Center, Meibergdreef 9, 1105AZ Amsterdam, the Netherlands
*Correspondence: t.b.geijtenbeek@amc.nl
DOI 10.1016/j.immuni.2012.04.004
Cell death needs to be detected by immune cells. In this issue of Immunity, Ahrens et al. (2012) and Zhang
et al. (2012) show that actin filaments become exposed on necrotic cells and act as ligands for the C-type
lectin receptor Clec9a.Cell damage or death is a sign that some-
thing is amiss and quick responses by the
immune system are required to initiate
tissue repair and contain the damage.
In contrast to infection when foreign
invaders trespass, sterile injury concerns
damaged cells and therefore a warningmechanism is required to recognize
damage to self. In this issue of Immunity,
two studies show that actin filaments,
one of the most abundant protein struc-
tures in eukaryotic cells, serve as a
danger signal when becoming exposed
to immune cells due to cell damage(Figure 1) (Ahrens et al., 2012; Zhang
et al., 2012).
Pattern recognition receptors (PRRs)
sense invading pathogens through highly
conserved structures called pathogen-
associated molecular patterns (PAMPs)
and include Toll-like receptors (TLRs)36, April 20, 2012 ª2012 Elsevier Inc. 557
